RNAi was first discovered in C. elegans, where it has also been most thoroughly characterized. The observation that led to the discovery of RNAi was that hermaphrodite worms injected in the syncytial germline with either sense or antisense RNA homologous to a particular gene produced embryos with a phenotype specific to the injected gene [6] . This phenotype was indistinguishable from that caused by mutations that eliminated that gene's function. Similar results were subsequently obtained for a variety of different genes among a small number of labs, but gene-specific and lab-specific variability was noted. The discovery that neither purified sense nor antisense RNA was as effective as hybridized double-stranded RNA provided an explanation for much of the lab-and gene-specific variability (Figure 1 ) [1] . RNA synthesis in vitro can produce a significant number of promoter-independent transcripts that can anneal to form doublestranded RNA. Separation and purification of the desired sense or antisense transcript from these illegitimate transcripts by denaturing gel electrophoresis significantly reduced the inhibitory activity of the injected singlestranded RNA. Annealing the purified single-stranded transcripts together completely restored the inhibitory activity. Thus, the previous success of antisense and sense single-strand RNA experiments in C. elegans may be explained by the unsuspected presence of doublestranded RNA as well as the gene-specific presence of significant secondary structure that might include doublestranded regions. It has been suggested that similar antisense/sense effects in other systems may also be explained by contaminating double-stranded RNA [7] .
An intriguing characteristic of RNAi is that the doublestranded RNA does not appear to act stoichiometrically to inhibit gene expression. An illustration is provided by unc-22 RNAi [1] . The unc-22 gene encodes an abundant muscle protein with several thousand transcripts in each muscle cell. Injecting a wild-type adult nematode with an estimated 60,000 double-stranded unc-22 RNA molecules produces at least 100 strongly affected progeny, each with 550 cells at hatching, diluting the injected doublestranded RNA to less than two molecules per cell. Thus the RNA must be acting catalytically and/or must be replicated by cellular proteins.
Microinjection of adult worms is the most effective means of initiating RNAi in C. elegans, but the site of injection is not critical, suggesting that the injected RNA may be transported into cells from wherever it is injected. Injecting double-stranded RNA into either the adult germline, the large intestinal cells, or the body cavity containing these organs is equally effective at inducing RNAi phenotypes among the progeny [1] . Thus double-stranded RNA, or the effect initiated by double-stranded RNA, is transported across cell boundaries. Our observation that lacZ reporter RNA injected into the C. elegans body cavity is translated in both epithelial and muscle cells throughout the animal is consistent with the idea that C. elegans cells can import extracellular RNA (C.P.H., D. Mootz, and K. Cho, unpublished observations).
Building on such observations, other delivery systems, less demanding than microinjection, have been tried with some success. The most promising approach is simply to provide double-stranded RNA in the nematode diet [8] . Laboratory C. elegans strains are grown on plates seeded with Escherichia coli as a food source. Seeding plates with E. coli expressing double-stranded RNA specific for a C. elegans gene can induce gene-specific phenotypes in the worms and their progeny. Although less effective than microinjection, the ease of introducing double-stranded RNA via ingestion will certainly facilitate genetic screens to identify C. elegans genes that mediate RNAi.
RNAi appears to act post-transcriptionally to reduce the accumulation of processed mRNA. The initial observation suggesting a post-transcriptional effect was that doublestranded RNA containing only intron sequences did not cause RNAi. Two recently reported complementary experiments in C. elegans [9] and one in T. brucei [4] support this conclusion. In C. elegans, in situ hybridization fails to detect cytoplasmic transcripts corresponding to genes targeted by RNAi either in the germline of the injected hermaphrodite or in her progeny; nascent nuclear transcripts can be briefly detected, however.
Compelling evidence for a post-transcriptional mechanism comes from RNAi analysis of the lin-15 locus, a two-gene operon coding for two separate mature transcripts, lin-15a and lin-15b [10, 11] . A single promoter produces a polycistronic RNA that is processed, by trans-splicing to produce two functional mature transcripts. Single mutations in either lin-15a or lin-15b do not cause a mutant phenotype, but double mutations cause a cell-lineage defect resulting in a multi-vulva phenotype. If RNAi acted to prevent transcription, then double-stranded RNA corresponding to either lin-15a or lin-15b should produce a multi-vulva phenotype because this locus produces a single primary transcript. In contrast, if RNAi acts after the mature transcripts are produced, then RNAi of either lin-15a or lin-15b alone, like mutations that disrupt the function of only one or the other locus, should not produce a phenotype. Consistent with a post-transcriptional effect, RNAi of lin-15a or lin-15b alone did not produce a multivulva phenotype, but co-injection of both double-stranded RNAs did produce the multi-vulva phenotype. Similarly, northern blot analysis of T. brucei tubulin RNA following electroporation of tubulin double-stranded RNA is also consistent with RNAi acting after RNA processing [4] .
RNAi has been used extensively to characterize gene functions in C. elegans and is finding increasing use in Drosophila. It has been used to verify the identity of cloned genes, [6, 12] , to determine the loss-of-function phenotype of genes without known mutations [2, 3, [12] [13] [14] [15] [16] , and to create 'double mutants' by the simultaneous injection of multiple double-stranded RNAs or by injecting double-stranded RNA into mutant worms [2, 12] . From a geneticist's point of view, however, the most useful attribute of RNAi is that maternal and zygotic gene function is simultaneously inhibited, revealing the earliest functional requirement for the gene [17] [18] [19] . The utility of this attribute is highlighted by the recent analysis of the discs lost (dlt) gene in Drosophila [19] . Deletions at the dlt locus cause variable late larval and pupal lethality; the variable phenotypes appear to be due to the prolonged function of abundant maternal dlt mRNA. Germ-line mosaic analysis, the standard technique used to eliminate maternal RNA, was ineffective because dlt appears to be essential for oogenesis. To circumvent this obstacle, double-stranded RNA was injected into early embryos, effectively eliminating both maternal and zygotic dlt gene products. Characterization of the resulting embryos Dispatch R441
Figure 1
The dependence of RNAi on double-stranded RNA. Sense or antisense 'single-stranded' RNA synthesized in vitro using T7 or T3 RNA polymerase, respectively, is often contaminated with complementary RNA. Injection of this partially double-stranded RNA into C. elegans adults and Drosophila embryos can cause RNAi. Removing the contaminating RNA by purifying the full-length sense or antisense RNA eliminates RNAi activity. Annealing the purified RNAs reconstitutes full RNAi activity. showed that dlt is required to establish or maintain epithelial cell polarity.
The success of RNAi in both C. elegans and Drosophila suggests that RNAi should be effective in other organisms, and recent experiments in trypanosomes [4] , and now also in planarians [20] , are encouraging in this respect. RNAi may become a useful tool for investigating gene function in a wide variety of organisms; but because of the ease of application it is likely to remain most useful as a complement to conventional genetic analysis in C. elegans, to discover and characterize the functions of the thousands of genes identified by genomic sequencing. The combination of this information with the wealth of descriptive and experimental information that is already available about C. elegans development and behavior will allow continued progress towards a complete understanding of this animal.
